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Prolonged Activation of cAMP-Dependent
Protein Kinase during Conditioning
Induces Long-Term Memory in Honeybees
long-lasting neuronal changes and LTM are most reli-
ably induced by repeated spaced training sessions or
repeated spaced stimulations (Carew et al., 1972; Byrne,
1987; Huang and Kandel, 1994; Tully et al., 1994; Ham-
mer and Menzel, 1995; Kogan et al., 1997).
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In Aplysia, LTF-inducing serotonin (5-HT) stimulationFederal Republic of Germany
leads to an elevation of cAMP throughout the whole
neuron (Bacskai et al., 1993) and causes a characteristic
pattern of persistent PKA activation in the sensory neu-
Summary rons (MuÈ ller and Carew, 1998). Moreover, induction of
LTF leads to the formation of an autonomous PKA (Chain
To investigate the function cAMP-dependent protein et al., 1999) and a persistent CREB phosphorylation
kinase (PKA) exerts in the induction of long-term mem- (Bartsch et al., 1998). All these findings support the the-
ory, changes in PKA activity induced by associative sis that a characteristic temporal dynamic in PKA activa-
learning in vivo were measured in the antennal lobes tion is required for the induction of long-lasting neuronal
changes (Dudai, 1997). However, a direct connection(ALs) of honeybees. The temporal dynamics of PKA
between an LTM-inducing training pattern, the temporalactivation depend on both the sequence of condi-
dynamics of PKA activation, and LTM induction has nottioned and unconditioned stimuli and the number of
yet been demonstrated.conditioning trials. Only multiple-trial conditioning,
Associative olfactory conditioning of the probosciswhich induces long-term memory (LTM), leads to a
extension response (PER) in the honeybee (Menzel, 1990)profound prolongation of PKA activation mediated by
induces different memories, depending on the numberthe NO/cGMP system. Imitation of this prolonged PKA
of conditioning trials (Menzel, 1999). The memory in-activation in the ALs in combination with single-trial
duced by a single conditioning trial decays over severalconditioning is sufficient to induce LTM. These find-
days (Menzel, 1990; Hammer and Menzel, 1995) and is
ings not only demonstrate the close connection be- sensitive to amnestic treatments (Menzel et al., 1974;
tween conditioning procedure and temporal dynamics Erber et al., 1980). This memory is independent of NO
in PKA activation but also reveal that already during synthase (NOS) blockers (MuÈ ller, 1996) and of protein
conditioning a distinct temporal pattern of PKA activa- synthesis (GruÈ nbaum and MuÈ ller, 1998). In contrast, mul-
tion is critical for LTM induction in intact animals. tiple conditioning trials induce a stable, long-lasting
memory. This memory is dissectable into two indepen-
dent, parallel phases. The first phase is a medium-term
memory (MTM) in the hours range, which requires aIntroduction
constitutive PKC activity (GruÈ nbaum and MuÈ ller, 1998),
and the second phase is an LTM ($1 day), which requiresThe process of memory formation observed in inverte-
PKA- and NO-dependent processes (MuÈ ller, 1996; Fialabrates and vertebrates can be divided into at least two
et al., 1999). Interestingly, LTM can be divided into andifferent phases: short-term memory, which is indepen-
early phase (eLTM, 1±2 days) and a protein synthesis±dent of protein synthesis, and long-term memory (LTM),
dependent late phase (lLTM, $3 days) (GruÈ nbaum andwhich requires synthesis of mRNA and proteins (Davis
MuÈ ller, 1998; WuÈ stenberg et al., 1998; Menzel, 1999).and Squire, 1984; DeZazzo and Tully, 1995). A hallmark
In this study the temporal dynamics of PKA activityin our understanding of basic mechanisms of memory
induced by different training procedures was analyzedformation was the finding that in Aplysia, Drosophila,
using rapid freezing followed by a fast and specific PKAand rodents the induction of long-lasting neuronal
assay (Hildebrandt and MuÈ ller, 1995a, 1995b; MuÈ ller andchanges requires cAMP-dependent transcription medi-
Carew, 1998). In the antennal lobes (ALs), sites impli-ated via cAMP response element binding protein (CREB)
cated in associative learning (Hammer and Menzel,(Yin and Tully, 1996; Silva et al., 1998). Molecular charac-
1995, 1998), a prolonged PKA activation is induced byterization of CREB in Drosophila (Yin et al., 1994, 1995)
multiple conditioning trials, which induce LTM, but notand Aplysia (Bartsch et al., 1995, 1998) convincingly
by a single conditioning trial. Local imitation of the pro-demonstrated that the balance between CREB activator
longed PKA activation in the ALs by photorelease ofand CREB repressor isoforms is critical for the induction
cAMP, in combination with a single conditioning trial, isof LTM and long-term facilitation (LTF).
sufficient to induce LTM. This strongly supports the idea
Although CREB activation and repression can be reg- that a training procedure inducing LTM leads to a tempo-
ulated by different protein kinases and phosphatases ral pattern of PKA activation necessary for LTM forma-
(Sassone-Corsi, 1995; Deisseroth et al., 1996), the in- tion. The NO system required for LTM formation in the
crease in cAMP and the activation of cAMP-dependent honeybee (MuÈ ller, 1996) seems to mediate prolonged
protein kinase (PKA) plays a key role in the induction of PKA activation during multiple-trial conditioning.
long-term neuronal and behavioral changes in Drosoph-
ila (Davis et al., 1995; DeZazzo and Tully, 1995), Aplysia Results
(Schacher et al., 1988; Bacskai et al., 1993), mice (Huang
et al., 1994; Abel et al., 1997), and the honeybee (Fiala Formation of LTM Requires PKA Activity
et al., 1999). Interestingly, in all of these model systems during Olfactory Conditioning
To narrow down the time window of cAMP requirement
during associative learning, RpBrcAMPS was injected* E-mail: muelleru@neurobiologie.fu-berlin.de
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Figure 1. PKA Inhibition during Conditioning
Affects Long-Term Memory
At 20 min before (A) or 10 min after (B) condi-
tioning, animals were injected with 1 ml PBS
or 1 ml PBS containing 500 mM RpBrcAMPS.
Animals received either single-trial condition-
ing or three-trial conditioning with an intertrial
interval of 2 min. At different times after con-
ditioning, the probability of the CS eliciting
PER was tested. Each data point represents
the PER of n animals as indicated. Only LTM
induced by three conditioning trials at days 1
through 3 is impaired by PKA inhibition during
conditioning (*p , 0.05, x2 test).
into the hemolymph before or after single- and multiple- 2, different conditioning procedures that induce differ-
ent memories also lead to different temporal dynamics intrial conditioning. Measurements of the PKA activity in
the brain were used to achieve a transient, maximal PKA PKA activation in the AL. Compared to an unstimulated
control group, a single CS/US forward pairing leads toinhibiton. Injection of 1 ml of 500 mM RpBrcAMPS at a
total body weight for the bee of approximately 120 mg a transient increase in PKA activity, which returns to
basal levels 60 s after the conditioning trial (Figure 2A).leads to 25% 6 10% (n 5 8) inhibition of PKA activity
20 min after application. At 40 min after injection, no This transient elevation of PKA activity is significantly
prolonged after the third CS/US forward pairing (in-inhibitory effect on PKA activity was detectable.
Only RpBrcAMPS injection before learning, and thus tertrial interval of 2 min). The temporal dynamics of PKA
activation induced by a single US/CS backward pairingPKA inhibition during conditioning, leads to a specific
impairment of multiple trial±induced LTM (eLTM, 1±2 or by three US/CS backward pairings are similar to each
other but differ from that obtained after a single forwarddays; lLTM, 3 days). Multiple trial±induced MTM as
tested 3 hr after conditioning (Figure 1A) is unaffected.
Inhibition of PKA during learning does not affect single
trial±induced memory at any time tested (Figure 1A).
Table 1. Inhibition of PKA Activity Does Not Affect AcquisitionInjection of RpBrcAMPS 10 min after conditioning af-
fects neither memory induced by a single trial nor that PER
induced by multiple-trial conditioning (Figure 1B). In all
Treatment Trial 1 Trial 2 Trial 3
cases, RpBrcAMPS injection affects neither the sponta-
Injection 20 min before conditioningneous response to a CS nor acquisition (Table 1). This
1 trial/PBS 0.03 (52)suggests that the time window in which cAMP/PKA-
1 trial/RpBrcAMPS 0.02 (50)mediated processes are required to induce LTM is not
3 trials/PBS 0.00 0.36 0.53 (53)wider than 25 min after conditioning and includes the
3 trials/RpBrcAMPS 0.00 0.39 0.52 (54)
conditioning period (4 min) itself. Injection 10 min after conditioning
1 trial/PBS 0.00 (51)
1 trial/RpBrcAMPS 0.03 (53)Multiple Conditioning Trials Induce a Prolonged
3 trials/PBS 0.01 0.39 0.68 (55)PKA Activation in the ALs
3 trials/RpBrcAMPS 0.01 0.46 0.67 (57)Octopamine, mediating the function of the uncondi-
tioned stimulus (US) in olfactory conditioning (Hammer Either 20 min before or 10 min after single-trial conditioning or three-
trial conditioning, animals were injected with either 1 ml PBS or 1and Menzel, 1998), also mediates the US-stimulated
ml PBS containing 500 mM RpBrcAMPS. The probability of the CStransient PKA activation in the ALs in vivo (Hildebrandt
eliciting the PER was tested for each conditioning trial. Inhibitingand MuÈ ller, 1995a, 1995b). Given this involvement of
PKA usign RpBrcAMPS had no effect on acquisition or spontaneousthe cAMP/PKA cascade in US processing, the temporal
responsiveness to the CS (the number of animals is shown in paren-dynamics of PKA activation in the ALs during olfactory
theses).
conditioning was measured in detail. As shown in Figure
Prolonged PKA Activation Induces Long-Term Memory
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Figure 2. PKA Activation in the ALs Induced
by Associative Olfactory Conditioning
Transient PKA activation in the ALs induced
by CS/US forward pairing (A) was compared
to the transient PKA activation induced by
US/CS backward pairing (B). Honeybees re-
ceived either a single forward or backward
pairing or three forward or backward pairings
with an intertrial interval of 2 min, or they were
left untreated as a control. PKA activity in
the ALs was measured directly using rapid
freezing in liquid nitrogen at times as indi-
cated, followed by a fast and specific PKA
assay. In each experiment, values were nor-
malized to PKA activity in unstimulated ani-
mals and are defined as the relative PKA ac-
tivity of 1 (dashed lines). Each data point
represents the mean 6 SEM of relative PKA
activity of at least 20 animals. Values signifi-
cantly different from PKA activity in unstimu-
lated animals are marked by an asterisk (p ,
0.05, t test). The difference between single-
trial forward and backward pairing at 40 s is
indicated by arrowheads. Values significantly
different in single- and three-trial forward
pairing are marked by arrows (p , 0.05, t
test).
pairing or three forward pairings. Backward pairings re- Inhibition of NO Synthase Interferes with Multiple
Trial±Induced Prolonged Activationvert back to basal levels 40 s after stimulation (Figure
2B). Thus, the temporal dynamics of PKA activation in of PKA in the ALs
Since activity of NOS during multiple-trial conditioningthe ALs depend on the temporal pairing of CS and US
and on the number of conditioning trials applied. is required for LTM formation (MuÈ ller, 1996), it was tested
whether NO-mediated processes are necessary for
the prolonged PKA activation in the ALs. Compared
Imitation of Prolonged PKA Activation in the ALs to the PKA activity of unstimulated animals (Figure 4,
in Combination with a Single Conditioning dotted line), a single-trial conditioning induces a tran-
Trial Induces LTM sient PKA activation in the ALs, equal in PBS-injected
To test whether the prolongation of PKA activity after animals and animals injected with NOS inhibitor (Figure
three-trial conditioning is involved in LTM formation, 4). However, a clear difference in PKA activation is ob-
caged cAMP was locally photolyzed in the AL following served after three-trial conditioning. While PKA activity
single-trial conditioning, in order to artificially prolong tested immediately (1 s) after the third conditioning trial
PKA activation (Figure 3A). Application of light flashes does not differ between PBS-injected and NOArg-
without conditioning has no effect on conditioned PER injected animals, the PKA activity at later times (5±90 s)
(Figures 3B and 3C). In both PBS-injected and caged differs significantly between the two groups (Figure 4).
cAMP-injected animals memory induced by three-trial In NOArg-injected animals only the PKA activity mea-
conditioning remains on a high level, whereas memory sured at 1±20 s differs from that of unstimulated ani-
induced by single-trial conditioning decays significantly mals. This effect was also found for L-NAME, whereas
over 3 days. This characteristic decay is also found in the inactive isomer N-nitro-D-arginine methyl ester
PBS-injected animals receiving single-trial conditioning (D-NAME) leads to a transient PKA activation similar to
followed by light flashes on the ALs (Figure 3B). A signifi- that in PBS-injected animals (data not shown). The loss
cant difference, however, is detectable when animals of an NO-dependent, slowly decaying component of
injected with caged cAMP receive a single-trial condi- PKA activation in the ALs, together with the specific
tioning in combination with light flashes (Figure 3C). The impairment of multiple trial±induced LTM by blocking
conditioned PER remains at a high level for 3 days and NOS (MuÈ ller, 1996), indicates a connection between NO-
significantly differs from conditioned PER induced by mediated processes and PKA activation in LTM for-
single-trial conditioning (day 1, p , 0.02; day 2, p , mation.
0.01; day 3, p , 0.001; x2 test). Although not significant
(p . 0.1, x2 test), the values do not reach the high levels
of conditioned PER after three-trial conditioning (Figure Nitric Oxide Activates PKA via cGMP in Isolated ALs
The findings above raise the question of which biochem-3C). None of these treatments affected the acquisition
or the spontaneous response to CS (Table 2). Thus, ical pathway connects NO to the cAMP/PKA cascade
within the ALs. Figure 5A shows that localization of theprocesses induced by a single conditioning trial (which
in naive bees fails to induce LTM) are sufficient for LTM NO synthase as revealed by the NADPH diaphorase
technique overlaps with the immunohistological stainingformation in conjunction with a temporally prolonged
pattern of PKA activity, usually induced by multiple con- of PKAII, the major PKA activity in honeybees (MuÈ ller,
1997a). The strongest labeling of both NOS and PKAIIditioning trials.
Neuron
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Figure 3. Induction of LTM by a Single Conditioning Trial in Combination with Prolonged PKA Activation in the ALs
(A±C) Light flashes focused on both ALs through a window cut into the cuticula were used for local photorelease of cAMP in the ALs. Conditions
were adjusted to imitate a prolonged PKA activation in the ALs in combination with a single conditioning trial. At 15 min prior to conditioning,
animals were injected either with 1 ml PBS (B) or 1 ml PBS containing 500 mM caged cAMP (C). Injected animals were split into four groups.
The first group received three-trial conditioning with an ITI of 2 min without flashes. The second group received single-trial conditioning
without flashes. The third group received single-trial conditioning followed by light flashes, and the fourth group was subjected to light flashes
only. The conditioned PER was tested at distinct times after these stimulations.
(B) In animals injected with PBS alone, memory induced by single-trial conditioning followed by light flashes does not differ from that induced
by single-trial conditioning alone. Both are significantly different from memory induced by three-trial conditioning tested at days 1±3 (*p ,
0.05, x2 test).
(C) In caged cAMP-injected animals, the combination of single-trial conditioning followed by light flashes induces a memory that differs
significantly from single trial±induced memory at days 1±3 (*p , 0.05, x2 test) but that does not differ from the memory induced by three-trial
conditioning (p . 0.1, x2 test). The data represent the PER of n animals, as indicated.
was detected in the central areas of glomeruli innervated cGMP-dependent protein kinase (PKG), cGMP-regu-
lated phosphodiesterases, and cyclic nucleotide±gatedby interneurons, whereas the rind area, innervated by
sensory neurons and interneurons, was stained lighter. channels.
Although the mechanism of PKG action on the cAMP/Freshly dissected ALs were used to test whether NO
is able to modulate PKA activity within the circuitry of PKA pathway is unclear, and there is no indication for
cGMP-regulated PDEs in insects, both possibilities werethe ALs. As shown in Figure 5C, photorelease of NO
significantly increases PKA activity in the ALs (p , 0.01, tested for the honeybee. Neither inhibition of PKG
(KT5823, 100 mM) (Grider, 1993) nor blocking of cGMP-t test) as compared to the corresponding control group
and the ALs incubated in Ringer solution alone. NO most regulated PDEIII (Trequinsin, 50 mM) (Ruppert and
Weithmann, 1982) has an effect on the NO-induced in-likely mediates its effect via cGMP, since inhibition of
the soluble guanylate cyclase (10 mM ODQ) (Garthwaite crease of PKA activity in the ALs (Figure 5C). Only the
direct blocking of PKA (KT5720, 20 mM) impairs the NO-et al., 1995) impairs the NO-induced increase in PKA
activity. Theoretically, cGMP can mediate effects via induced increase in PKA activity. These results suggest
Table 2. Photorelease of cAMP, cGMP, and NO in the ALs Affects neither Acquisition nor Responsiveness to CS
PER
Treatment Flash-Induced Trial 1 Trial 2 Trial 3
PBS injected
flashes 0.01 (31)
1 trial 0.00 (30)
1 trial 1 flashes 0.01 (30)
3 trials 0.02 0.43 0.76 (31)
Caged cAMP±injected
flashes 0.02 (30)
1 trial 0.03 (41)
1 trial 1 flashes 0.02 (47)
3 trials 0.03 0.53 0.75 (30)
Caged cGMP±injected
1 trial 0.01 (30)
1 trial 1 flashes 0.02 (38)
Caged NO±injected
1 trial 0.00 (34)
1 trial 1 flashes 0.02 (54)
At 15 min before treatment, animals were injected with either 1 ml PBS or 1 ml PBS containing 500 mM of caged compounds as indicated.
The probability of the CS eliciting the PER was tested for each conditioning trial. None of the used compounds affected the spontaneous
response to the CS or acquisition (the number of animals is shown in parentheses).
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Figure 4. Blocking NOS Impairs PKA Activa-
tion in the ALs Induced by Multiple Condition-
ing Trials
Honeybees were injected with either 1 ml PBS
or 1 ml PBS containing 500 mM NOArg. At 20
min after injection, animals received a single
conditioning trial or three conditioning trials
(ITI, 2 min) or were left untreated as a control.
PKA activity in the ALs was measured at
times as indicated. In each experiment, val-
ues were normalized to PKA activity in the
unstimulated animals (dashed lines). Each data point represents the mean 6 SEM of relative PKA activity of at least 20 animals. Only the
transient PKA activation at times $5 s after three-trial conditioning significantly differs between the PBS- and the NOArg-injected groups
(*p , 0.05, t test). In NOArg-injected animals only the PKA activity measured at 1±20 s after three-trial conditioning differs from that of
unstimulated animals (p , 0.05, t test).
that the NO-induced increase in PKA activity (z25%) in cAMP. Using these parameters, single-trial condition-
ing, followed by local uncaging of cGMP in the ALs,the ALs is most likely mediated via cGMP by a direct
activation of PKAII. According to in vitro measurements leads to a conditioned PER (3 days) significantly higher
than after single-trial conditioning without flashes (Fig-using purified PKAII (Altfelder and MuÈ ller, 1991), a 20%
increase in PKA activity can be achieved by less than ure 6B). The PER tested 3 hr after single-trial condition-
ing does not differ between the two caged cGMP-100 nM cGMP, a concentration conceivable in vivo.
However, the involvement of cyclic nucleotide±gated injected groups. This suggests that in the ALs, cGMP
can mimic the function of cAMP with respect to LTMchannels cannot be excluded (Kingston et al., 1999).
induction. Surprisingly, local uncaging of NO in the ALs
after single-trial conditioning leads to a significant re-NO/cGMP-Mediated Mechanisms Are Required
duction of conditioned PER tested at 3 days after condi-for LTM Formation
tioning (Figure 6B). However, the PER tested 3 hr afterThe identification of potential components implicated
conditioning is also significantly reduced in the cagedin the NO-modulated PKA activation within isolated ALs
NO-injected group treated with light flashes (p , 0.05,raises the question of whether this cascade is also in-
x2 test). Thus, it is likely that photorelease of NO withinvolved in LTM formation. Due to the fact that mechanical
the entire AL interferes with a yet unknown specific func-injuries caused by local injections into the ALs strongly
tion of NO during conditioning. None of the treatmentsimpair olfactory conditioning, the various inhibitors were
affected the spontaneous response to the CS (Table 2).injected systemically. In all cases, the single trial±
induced memory tested 3 days after conditioning is un-
affected by the inhibitors used (Figure 6A). As previously Discussion
demonstrated for the memory 1 day after conditioning
(MuÈ ller, 1996), NOS blocking also leads to a specific Even though it has been demonstrated that the cAMP
impairment of three trial±induced memory at 3 days
cascade is important for the induction of long-lasting
(lLTM) (Figure 6A). Inhibition of the soluble guanylate
neuronal and behavioral changes (Huang et al., 1994;
cyclase (ODQ) causes a similarly specific effect on three
Abel et al., 1997; Fiala et al., 1999), the findings pre-
trial±induced lLTM tested at 3 days, suggesting that the
sented here reveal evidence for a direct connection be-
NO-regulated processes required for LTM induction are
tween conditioning procedure, temporal dynamics in
mediated via cGMP. In agreement with the findings in
PKA activation, and their contribution to formation of
isolated ALs (Figure 5), inhibition of PKA (KT5720) im-
LTM in intact animals. Direct measurement of changes
pairs LTM, while blockers of the cGMP-regulated phos-
in PKA activity in the ALs induced by in vivo stimulation
phodiesterases (Trequinsin) and the cGMP-dependent
reveals that multiple conditioning trials that induce LTM
protein kinase (KT5823) do not affect multiple trial±
also induce an extremely prolonged PKA activation. The
induced memory. The inhibitors employed neither have
latter contributes to LTM formation processes, since
an effect on the spontaneous response to a CS or acqui-
imitation of the extended PKA activation in the AL in
sition (Table 3) nor do they affect multiple trial±induced
conjunction with a single conditioning trial induces LTM.
MTM tested at 3 hr. These behavioral experiments pro-
pose that the NO/cGMP system is required during condi-
tioning for the induction of LTM. However, with the sys- Temporal Dynamics of PKA Activation In Vivo Are
Affected by Stimulation Parameterstemic inhibition of the above-mentioned enzymes, it
cannot be excluded that NO/cGMP-dependent pro- Recent findings suggest that a distinct temporal activa-
tion of the cAMP cascade, dependent on distinct stimu-cesses located in other brain areas modulate the PKA
activation in the ALs. lation parameters, is required for the induction of long-
lasting neuronal and behavioral changes (Dudai, 1997).To reveal first evidence of whether the NO/cGMP-
dependent modulation of PKA activity during olfactory A close connection has been demonstrated between
stimulation parameters and the temporal dynamics ofconditioning occurs within the ALs, NO and cGMP were
locally uncaged in the ALs after single-trial conditioning. changing cAMP levels (Bacskai et al., 1993), adenylate
cyclase activity (Abrams et al., 1998), PKA activity (MuÈ l-Since the transient changes in NO and cGMP concentra-
tion induced by conditioning have not yet been deter- ler and Carew, 1998), and CREB phosphorylation (Bito
et al., 1996; Impey et al., 1996; Bartsch et al., 1998).mined, the same light intensity and intervals between
the flashes were used as determined for uncaging During associative conditioning in the honeybee, the
Neuron
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Table 3. Inhibitors of the NO/cGMP Pathway Do Not
Affect Acquisition
PER
Treatment Trial 1 Trial 2 Trial 3
1 trial/PBS 0.02 (50)
1 trial/NOArg (500 mM) 0.00 (54)
1 trial/ODQ (500 mM) 0.00 (55)
1 trial/trequinsin (500 mM) 0.02 (54)
1 trial/KT5823 (500 mM) 0.01 (50)
1 trial/KT5720 (100 mM) 0.02 (50)
3 trials/PBS 0.00 0.47 0.65 (59)
3 trials/NOArg (500 mM) 0.01 0.46 0.68 (51)
3 trials/ODQ (500 mM) 0.00 0.48 0.65 (57)
3 trials/trequinsin (500 mM) 0.00 0.50 0.70 (57)
3 trials/KT5823 (500 mM) 0.01 0.45 0.63 (51)
3 trials/KT5720 (100 mM) 0.02 0.46 0.62 (54)
At 15 min before treatment, animals were injected with either 1 ml
PBS or 1 ml PBS containing the inhibitors indicated. The probability
of the CS eliciting the PER was tested for each conditioning trial.
The drugs affected neither spontaneous response to the CS nor
acquisition (the number of animals is shown in parentheses).
temporal dynamics of PKA activation in the ALs depend
on both the sequence of CS and US stimulation and the
number of conditioning trials (Figure 2). The mechanism
underlying the sequence-dependent PKA activation is
distinguishable and independent from that underlying
multiple trial±induced PKA activation, as demonstrated
by selective impairment of the latter by blocking NOS
activity (Figure 4). Regardless of the number of trials,
US/CS backward pairing and US stimulation induce the
same transient PKA activity in the ALs. The US-induced
PKA activation in the ALs is mediated by octopamine
(Hildebrandt and MuÈ ller, 1995a, 1995b). The octopamine
in the ALs is most likely released by the VUMmx1 neuron,
which has been shown to substitute for the US function
in associative olfactory conditioning (Hammer, 1993).
Figure 5. NO Mediates PKA Activation in Isolated ALs via cGMP
The extensive aborizations of the VUMmx1 neuron in
(A) Localization of NO synthase and PKA as revealed by NADPH the ALs suggest that the US-mediated PKA activation
diaphorase technique and immunohistochemistry against the regu-
occurs within all AL glomeruli. In contrast to this, CSlatory subunit RII of PKAII, respectively. The glomeruli of the anten-
stimulation induces odor-specific changes in Ca21 levelsnal lobes exhibit the strongest labeling of NOS and PKAII. Both
in distinct subsets of glomeruli (Joerges et al., 1997;enzymes are concentrated in the central area of the glomeruli.
Faber et al., 1999). Thus, it is conceivable that the pro-(B) Scheme of possible interactions of the NO with the cAMP/PKA
longed PKA activation induced by CS/US forward pair-cascade. A major target of NO produced by NOS is the soluble
guanylate cyclase (sGC). The resulting cGMP could activate PKA ing (Figure 2) is due to a sequence-dependent interac-
either directly or by increasing cAMP levels via cGMP-regulated tion between an odor-specific Ca21-mediated process
phosphodiesterase (PDEIII). Moreover, PKA activation is possible in distinct glomeruli and a general US/octopamine-
by as yet unknown pathways via cGMP-dependent protein kinase mediated process.
(PKG) and cyclic nucleotide±gated channels. This was tested in Dually regulated enzymes, like the Ca21/calmodulin-
isolated antennal lobes using appropriate inhibitors (2) against dif-
dependent adenylate cyclase, have been suggested asferent components and by photorelease of NO as an activator (1)
molecular convergence sites of different inputs impor-of sGC.
tant for neuronal plasticity and learning (Livingstone(C) To compensate for possible differences, ALs of each animal
et al., 1984; Wong et al., 1999). In membrane fractionswere treated in parallel, one as the control group, which was kept
of Aplysia neurons, the maximal in vitro activation ofin the dark, and the other as the experimental group, which received
light flashes. ALs from an animal were dissected and incubated the Ca21/calmodulin-dependent adenylate cyclase is
separately in 50 ml of identical solutions. The concentrations were achieved when the Ca21 stimulus precedes the transmit-
as follows: caged NO (100 mM), ODQ (20 mM), KT5720 (20 mM), ter stimulus (Abrams et al., 1998). Although direct evi-
KT5823 (100 mM), and Trequinsin (50 mM). The PKA activity derived dence is lacking, the dually-regulated adenylate cyclase
from ALs incubated in Ringer solution alone was defined as the may be implicated in the sequence-specific prolonga-
relative PKA activity of 1 (dashed line). Each column represents the
tion of PKA activity induced by a CS/US forward pairingmean 6 SEM of n measurements as indicated in each column.
in the honeybee.The asterisks mark the significant increase of PKA activity in ALs
stimulated by photorelease of NO in the incubation mixture (p ,
Requirements for the Induction of Long-Lasting0.05, t test).
Neuronal Changes
Findings from Aplysia and Drosophila (Yin et al., 1994,
1995; Bartsch et al., 1995, 1998) assign a critical role
Prolonged PKA Activation Induces Long-Term Memory
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Figure 6. Requirement of the NO/cGMP
Pathway and PKA Activity for LTM Formation
(A) To test for the components of the NO/
cGMP pathway required for LTM formation,
animals were injected 20 min prior to condi-
tioning with 1 ml PBS or 1 ml PBS containing
the indicated inhibitors (500 mM of NOArg,
ODQ, Trequinsin, KT5823; or 100 mM KT-
5720). Animals received either single-trial
conditioning or three-trial conditioning (ITI, 2
min). The probability of the CS eliciting PER
was tested 3 days after conditioning. While
none of the inhibitors tested affected the PER
after single-trial conditioning, memory in-
duced by three-trial conditioning was im-
paired by NOArg, ODQ, and KT5720. Each
data point represents data from at least 50
animals (*p , 0.05, x2 test).
(B) The effect of local uncaging of cGMP and
NO in the ALs on LTM formation was tested.
At 15 min prior to conditioning, animals were
injected with 1 ml PBS or 1 ml PBS containing
either 500 mM caged cGMP or caged NO.
PBS-injected animals received single-trial or
three-trial conditioning. Animals injected with
caged compounds received either single-trial
conditioning without flashes or single-trial
conditioning followed by light flashes fo-
cused on the ALs. The probability of the CS
to elicit PER was tested 3 days after condi-
tioning. The data represent the PER of n ani-
mals as indicated in the columns. While un-
caging cGMP in the ALs improves PER,
uncaging of NO leads to a significant reduc-
tion in PER tested at day 3 (*p , 0.05, x2 test).
for induction of long-lasting changes to the balance of the ALs. Uncaging NO in the entire AL in combination
with single-trial conditioning, however, leads to a signifi-activator and repressor isoforms of CREB (Abel et al.,
1998; Silva et al., 1998). The results from the honeybee, cant reduction in conditioned PER as tested at 3 hr and
3 days (Figure 6B). Although the reason for this learninghowever, show that already during the short condition-
ing time window a distinct temporal pattern of PKA acti- impairment is unknown, photolyzing NO in the entire AL
probably interferes with a specific function of NO invation is critical for LTM induction (Figure 3). Assuming
a similar connection between the PKA pathway and signal processing during olfactory learning. The latter
is very likely, since an odor induces changes in Ca21CREB in the induction of LTM in honeybees, future in-
vestigations demand a characterization of whether and concentrations in a subset of glomeruli only (Joerges et
al., 1997). This in turn results in the activation of thehow the multiple trial±induced prolonged PKA activation
acts on CREB function. But since regulation of CREB Ca21-dependent NOS and thus in release of NO in a
characteristic subset of glomeruli only. Possibly such aisoforms and their function in long-term neuronal and
behavioral changes are results of a complex interaction CS-specific release of NO within a subset of glomeruli
contributes to aspects of olfactory signal processingof different second messenger systems (Sassone-Corsi,
1995; Bito et al., 1996; Deisseroth et al., 1996), it is very required for learning.
In this context it is interesting to note that multiplelikely that different signaling cascades contribute to LTM
formation (GruÈ nbaum and MuÈ ller, 1998; Menzel, 1999). conditioning trials lead to more specific responses
(Menzel, 1990) and thus may be based on more specific
synaptic plasticity. The latter may be due to a HebbianImplication of the NO/cGMP System
mechanism of pre/postsynaptic activity detection. It hasin the Induction of LTM
been proposed that such a mechanism may also beIt is conspicuous that both the formation of multiple
essential for invertebrates and that NO may play a cen-trial±induced LTM (MuÈ ller, 1996) (Figure 6A) and the pro-
tral function as a retrograde signaling molecule (Lechnerlonged PKA activation in the ALs (Figure 4) require NO-
and Byrne, 1998; Menzel, 1999).mediated mechanisms. The finding that photorelease of
cGMP in the ALs in combination with single-trial condi-
tioning induces LTM (Figure 6B) supports the idea that
Contribution of the ALs to Associative Learningthe NO/cGMP system within the ALs mediates the pro-
A series of studies in Drosophila convincingly demon-longation of PKA activation during conditioning. Al-
strated that the mushroom bodies (MBs) are essentialthough the neurons containing the NO-activated guanyl-
for olfactory learning (Heisenberg et al., 1985; deBelleate cyclase have not been described in the honeybee,
and Heisenberg, 1994; Connolly et al., 1996), supportit is most likely that the NO-releasing neurons that modu-
late cGMP levels in the target cells are located within context generalization in visual learning (Liu et al., 1999),
Neuron
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KT5720, KT5823, and DMNP-caged cAMP and DMNP-caged cGMPand are required for memory formation of courtship con-
were purchased from Calbiochem (Bad Soden, Germany). Cagedditioning (McBride et al., 1999). These findings not only
nitric oxide I was from Molecular Probes Europe (Leiden, The Nether-support the important role of the MBs as multisensory
lands). The phosphodiesterase type III inhibitor Trequinsin (HL 725)processing centers but also demonstrate that the contri-
was from Biomol (Hamburg, Germany). PKA inhibitor peptide, PKIbution of the MBs differs, depending on the learning
(6±22), and all other chemicals were obtained from Sigma (Deisenho-
paradigm and the sensory modality used. In contrast to fen, Germany). All chemicals were of analytical grade.
the considerable knowledge with regard to the function
of the MBs in Drosophila learning, it was only recently
Animal Treatment and Olfactory Conditioningthat McBride et al. (1999) proposed that the ALs contrib-
Honeybees caught at the hive were immobilized and mounted in
ute to short-term memory in Drosophila courtship condi- metal tubes. The bees were fed until satiation (sucrose solution, 1.4
tioning. M) every evening and kept in a container at 70% relative humidity
In honeybees, it has been demonstrated that initial and 208C±258C as described previously (GruÈ nbaum and MuÈ ller,
olfactory memory (tested 20 min after conditioning) can 1998). Drugs were injected into the hemolymph of the thorax using a
microcapillary. In associative olfactory conditioning of the proboscisbe induced independently in either the MBs or the ALs
extension response (PER), sucrose solution served as the uncondi-(Hammer and Menzel, 1998). In contrast to Drosophila,
tioned stimulus (US) and an odor stimulus (carnation) as the condi-however, the majority of studies focused on the function
tioned stimulus (CS) (Bitterman et al., 1983). A single forward pairingof the ALs in olfactory learning. It has been demon-
(total duration 5 s) started with an odor stimulus of 4 s. Two secondsstrated that differential olfactory conditioning causes
after onset of odor stimulation, the sucrose stimulus (3 s) was pre-changes in the neural representation of the rewarded
sented. In the case of backward pairing, the sequence of CS and
and the unrewarded odor in the ALs for up to at least US was reversed. For three-trial conditioning, the intertrial interval
30 min after conditioning (Faber et al., 1999). Moreover, was 2 min. Animals that showed no PER after sucrose stimulation
the requirement of a constitutively active PKC in the ALs of the antenna were excluded from the experiments (,5%). In the
for multiple trial±induced MTM suggests that processes retrieval test, the odor stimulus (CS) was presented alone.
located in the ALs contribute to memory maintenance
in the range of hours (GruÈ nbaum and MuÈ ller, 1998). The Photolyzing Caged Compounds in the ALs In Vivo
results presented here now demonstrate that a pro- One day before the experiment, a small window was cut into the
longed PKA activation in the ALs induced by multiple- head capsule dorsally above the antennae. Tracheae and neuro-
trial conditioning is implicated in induction of LTM. lemma covering the brain were left intact. Bees with glands covering
the AL were omitted from the experiment (,10%). Animals thatHowever, since imitation of prolonged PKA activation
survived this manipulation until the next day (.70%) showed noin conjunction with single-trial conditioning does not
difference in survival rate during the following 4 days when com-reach the level of conditioned PER after multiple-trial
pared to intact animals. 20 min prior to photolyzing, either Ringerconditioning, a contribution by other brain areas must
solution or Ringer containing caged cAMP, caged cGMP, or cagedbe proposed. Collectively, all these findings provide evi-
NO was injected into the hemolymph. The photolytic illumination
dence that the ALs are sites that contribute to processes was provided by a UV flash (T.I.L.L. Photonics, Planegg, Germany),
of associative olfactory learning during the condition- its collimated output entering the photoadapter port of a binocular
ing procedure itself and in early phases of memory for- (403). An aperture with two holes in the plane of focus allowed for
mation for up to several hours. Moreover, the ALs are a local illumination of the bee's ALs during the training procedure.
possibly also sites of long-lasting structural changes. Due to tissue opacity, the intensity of illumination and thus the
appropriate amount of cAMP released in the AL was determinedActivity-dependent changes described for the glomeru-
in calibration experiments. In these tests the light-induced PKAlar volume in the ALs (Sigg et al., 1997) may well be
activation in the antennal lobes and the surrounding tissues wasthe result of structural plasticity underlying long-term
directly measured using the rapid freezing technique described be-memory.
low. Even though we must assume a gradient of light-induced cAMPInterestingly, in mice and sheep the accessory olfac-
release in the spherical AL (z250 mm in diameter), the intensity astory system has also been implicated in the formation
well as the interval between the flashes were adjusted to imitateof olfactory memory. While female mice form a memory
the dynamic of PKA activation in the AL induced by three-trial condi-
of the pheromones of the mating male, sheep learn to tioning. The same parameters were used for uncaging GMP and NO
recognize the odors of their lambs in the first hours after in the ALs.
birth (Kendrick et al., 1997). In both cases, NO has been
demonstrated to mediate the formation of this memory.
Preparation of ALs after In Vivo Stimulation
In mice the coincident activation of pheromonal inputs To determine changes in PKA activity induced by in vivo stimulation
and exogenous administration of NO in the accessory or by photoreleased compounds, bees remained in their tubes and
olfactory system can induce a pheromone-specific ol- were rapidly frozen in liquid nitrogen at times after stimulation as
factory memory without mating (Okere et al., 1996). indicated in the Results. The heads were subjected to incomplete
Blocking of NOS activity in the olfactory system of sheep lyophylization at 2208C, and the ALs were dissected under perma-
nent liquid nitrogen cooling (Hildebrandt and MuÈ ller, 1995a, 1995b).prevents the formation of olfactory memory (Kendrick
Each AL was transferred into a glass capillary containing 10 mlet al., 1997). Although the targets of the NO/cGMP sys-
extraction buffer (50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM EGTA,tem in the olfactory systems of honeybees, mice, and
and 10 mM 2-mercaptoethanol) frozen in liquid nitrogen. The ALssheep differ, the conspicuous parallels suggest a con-
were homogenized on the surface of the frozen buffer using a liquidserved function of NO-mediated signaling in the olfac-
nitrogen±chilled metal pistil. Afterward the capillaries were storedtory systems with respect to olfactory memory formation
in liquid nitrogen until subsequent phosphorylation.(MuÈ ller, 1997b).
Preparation and Stimulation of Isolated ALsExperimental Procedures
For the preparation of ALs, the animals were immobilized on ice
and decapitated. The heads were immediately mounted with low-Materials
melting wax, cooled on ice and the ALs were dissected within 30[g-32P]ATP (5000 Ci/mmol) was purchased from NEN Life Science
s. Both ALs from an animal were used and incubated separately inProducts (Brussels, Belgium). ODQ (1H-[1,2,4]oxadiazolo[4,3-a]qui-
noxalin-1-one) was purchased from Alexis (GruÈ nberg, Germany). 50 ml Ringer (10 mM phosphate buffer [pH 7.2], containing 137 mM
Prolonged PKA Activation Induces Long-Term Memory
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NaCl, 3 mM KCl, 5 mM MgCl2, 2 mM CaCl2, 50 mM sucrose) con- Byrne, J.H. (1987). Cellular analysis of associative learning. Physiol.
Rev. 67, 329±439.taining drugs as indicated in the Results. After 4 min of incubation
in the dark, the stimulated group of ALs received light flashes (T.I.L.L. Carew, T.J., Pinsker, H., and Kandel, E.R. (1972). Long-term habitua-
Photonics, Planegg, Germany) directly applied to the ALs in the tion of a defensive withdrawal reflex in Aplysia. Science 175,
mixture. ALs from the control group were kept in the dark. After 451±454.
another minute the ALs were transferred to glass capillaries, homog-
Chain, D.G., Casadio, A., Schacher, S., Hegde, A.N., Valbrun, M.,
enized with a nitrogen-chilled metal pistil on the surface of the frozen
Yamamoto, N., Goldberg, A.L., Bartsch, D., Kandel, E.R., and
extraction buffer, and handled as described above.
Schwartz, J.H. (1999). Mechanisms for generating the autonomous
cAMP-dependent protein kinase required for long-term facilitation
Determination of PKA Activity in the ALs in Aplysia. Neuron 22, 147±156.
The PKA activity in the ALs was determined using phosphatase
Connolly, J.B., Roberts, I.J., Armstrong, D., Kaiser, K., Forte, M.,inhibitor 1 (I1), a specific PKA substrate, as reported previously
Tully, T., and O'Kane, C.J. (1996). Associative learning disrupted by(Hildebrandt and MuÈ ller 1995a, 1995b). The samples in the capillaries
impaired Gs signaling in Drosophila mushroom bodies. Science 274,were thawed and immediately plunged into 10 ml phosphorylation
2104±2107.buffer (50 mM Tris buffer [pH 7.5], 30 mM ATP, 1 mCi [g-32P]ATP
Davis, H.P., and Squire, L.R. (1984). Protein synthesis and memory:[5000 Ci/mmol], 20 mM MgCl2, 10 mM 2-mercaptoethanol, and 1
a review. Psychol. Bull. 96, 518±559.mg I1 boiled for 2 min prior to use). After incubation for 20 s at 208C,
reactions were terminated by adding 5 ml of SDS sample buffer (0.5 Davis, R.L., Cherry, J., Dauwalder, B., Han, P.L., and Skoulakis, E.
M Tris buffer [pH 6.8], containing 5% sodium dodecyl sulfate (SDS), (1995). The cyclic AMP system and Drosophila learning. Mol. Cell.
5% mercaptoethanol, 20% glycerol, and 0.1% bromophenol blue). Biochem. 149±150, 271±278.
SDS±PAGE and determination of 32P incorporation into I1 was quan- deBelle, J.S., and Heisenberg, M. (1994). Associative odor learning
tified as described (GruÈ nbaum and MuÈ ller, 1998; MuÈ ller and Carew, in Drosophila abolished by chemical ablation of mushroom bodies.
1998). In all experiments, adding the PKA inhibitor peptide PKI (6±22) Science 263, 692±695.
amide to the phosphorylation reaction reduces the relative PKA
Deisseroth, K., Bito, H., and Tsien, R.W. (1996). Signaling from syn-activity to less than 5%, proving the specificity of the assay used.
apse to nucleus: postsynaptic CREB phosphorylation during multi-
ple forms of hippocampal synaptic plasticity. Neuron 16, 89±101.
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